A B S T R A C T Experiments were performed with trained conscious dogs with permanently implanted intravascular catheters. With the dogs in a basal resting state, the concentrations of lactate (L) and pyruvate (P) in arterial blood fluctuated widely from day to day, whereas their concentration ratio (L/P) remained relatively constant. By contrast, decrease in tissue 02 supply induced by severe chronic anemia increased the arterial blood L/P, specifically, with only random accompanying changes in the lactate or pyruvate concentrations themselves.
INTRODUCTION
Although 02 transport via blood can be readily measured in a living body, there is no equally satisfactory method to determine changes in the availability of 02 for metabolism within the body tissue. Since the ratio between lactate and pyruvate concentrations (L/P) is linked to the oxidation-reduction balance of the respiratory enzyme system, it might be possible to detect decreased 02 availability for metabolism or tissue hypoxia by an increase in blood L/P. Several investigators have shown that when 02 supply is decreased acutely by ischemia, hypoxemia, or anemia, the blood L/P promptly increases Peter E. Jensen, Gerald B. Rich, and John D. Werschkul were Student Fellows supported by the Oregon Heart Association.
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( [1] [2] [3] [4] [5] . Since the supply of 02 to the tissue via the blood clearly was decreased in these experiments, here tissue hypoxia stands as a reasonable explanation for the increased blood L/P. Other authors, however, have emphasized the complicated nature of the relationship between blood L/P and the oxidation-reduction balance of the tissue respiratory enzyme system, and they have questioned whether an increase in blood L/P can, as a rule, be regarded as evidence of tissue hypoxia (6, 7) . Moreover, in some conditions where tissue hypoxia might be expected, especially chronic tissue hypoxia, changes reported in blood L/P have been inconsistent (8) (9) (10) (11) (12) (13) .
Our objective is to determine whether the relationship between tissue hypoxia and increased blood L/P extends beyond the limited experimental conditions in which it already has been demonstrated. Initially, we investigated the effect of factors other than tissue hypoxia by determining the extent of variability in blood L/P when these factors were allowed to vary spontaneously from one day to the next. Subsequently, we determined the changes in blood L/P during two different conditions in which tissue hypoxia could be expected: (a) severe chronic anemia, and (b) restricted 02 supply via the blood while tissue 02 consumption was acutely increased by muscular exercise. To secure information under physiologic conditions that should be broadly applicable, we carried out these experiments in trained dogs without anesthesia.
METHODS
Preparation of animals 12 male dogs, each weighing 22-24 kg, were trained to lie still for an hour or more without restraint. Four of them were trained also to run on a treadmill. Subsequently, they were anesthetized with pentobarbital, and silastic catheters (0.04 inch I.D., Dow Corning Corp., Midland, Mich.) were positioned in the pulmonary artery and the thoracic aorta via neck vessels. The proximal ends of the catheters emerged at the back, where they were secured to the Plastic stub needles with rubber stoppers glued into large ends were fixed to the proximal ends of the cath We sampled blood by puncturing the rubber stopper.
use of this arrangement without disturbing the dog been described (14) .
Experimental protocol
Chronic anemia. In dog Nos. 1-8, initial control obs tions were repeated on from 6 to 25 days during 2-E Seven of these dogs were made anemic during a 30 hr p by repeated removal of 300-ml increments of blood tht the aortic catheter, with reinfusion of the separated pl at each step. The hemoglobin concentration was reduc 7.1 g in dog No. 1 and to levels ranging from 2.7 to 4.8 1 ml in dog Nos. 2-7. Subsequently, the hemoglobin was at a constant depressed level for 5 wk by bleeding 8 ml/day. Observations were made at least twice weekly ing the 5 anemia wk. Dog No. 8 was studied for a com ble period without anemia. In dog Nos. 4-7, at the end wk of anemia, 250 mg of iron (Imferon, Lakeside La tories, Inc., Milwaukee, Wis.) and 400-600 ml of ma blood were given, and recovery control observations:
We studied the dogs while they lay at rest in the absorptive state. Immediately after his daily 5 min me walk, the dog entered a quiet room where he lay, i the wall, on his side on a low bench. Sampling tubes connected to his catheter adapters and the dog relaxe 10-15 min before observations began. The dog was ig throughout. No restraint, sedative, or reassurance wa! ployed, and the dog seldom moved.
Exercise experiments were performed in dog Nos. first on 2-4 days with the dogs not anemic and th increasingly severe levels of anemia, induced in four of 1 day each. After observations were made as above the dog lying at rest, the dog entered another room an( harnessed to a motor-driven treadmill. A second s (Table II) . Heart rate and cardiac output increased, and mixed venous blood 0 saturation decreased during anemia. The slight increases in stroke volume and systemic O2 consumption were not statistically significant. These variables returned to the initial control levels after the dogs recovered from the anemia.
Arterial blood lactate and pyruvate data for all eight dogs are presented in Table III . Control lactate and pyruvate concentrations in each dog varied greatly from Fig. 1 in which observations extended for 5 months. The daily variability in lactate concentration was relatively great, and the differences between the values during the initial two control periods, the anemia period, and the final recovery control period, were not significant. For L/P, the daily variability was less. Moreover, the L/P values for the initial two control and recovery periods were comparable, and they differed significantly from the anemia values (P < 0.001). While anemic, the dogs were less eager to run but otherwise remained healthy. While resting observations were being made, their behavior was the same as that during the control period. After the dogs recovered from the anemia, their original vigor returned.
Exercise. Rest and exercise hemodynamic data for dog Nos. 9-12 when they were not anemic are given in Table IV . Fig. 2 Fig. 3 , lower panels), L/P consistently increased during exercise which was strenuous enough to increase systemic 0 consumption by four to five times the resting level. In-dog No. 9 (upper left panel), L/P did not increase until 02 consumption reached 8-10 times the resting level, and in dog No. 10 (upper right panel), L/P consistently decreased during exercise when he was not anemic. To determine the effect of restriction in the supply of 02 to tissues while their 02 consumption was acutely increased, we repeated the exercise studies at four levels of anemia, with hemoglobin concentrations of approximately 8, 6, 4, and 2.5 g/100 ml. The results during anemia are represented in Fig. 3 FIGURE 3 Per cent changes in arterial blood L/P related to changes in systemic 02 consumption during muscular exercise. Each panel represents a separate dog. Open symbols are observations made when the dogs were not anemic; solid symbols, observations during anemia. There were four levels of anemia (Hb = 8, 6, 4, and 2.5 g), and the lines join observations made at each different level.
constant as long as O. supply was not changed. In our experiments, repeated determinations of blood lactate and pyruvate concentrations during the control period establish the range of fluctuations in these substrates and in blood L/P-which normally occur, not acutely as previously studied, but sporadically from day to day over an extended period. It is worth emphasizing the basal state of these dogs. From external appearances they always appeared relaxed. As evidence, their heart rates and systemic 02 consumption values (Table II) were consistent from day to day (mean day-to-day variation of each, 12%) and lower than most values previously reported for awake dogs (18) (19) (20) (21) . Under these conditions, their blood lactate and pyruvate concentrations varied over a wide range while L/P remained relatively constant. Thus, variations in unidentified factors which do not appear to be related to Os supply vigorously influenced lactate and pyruvate concentrations but had little effect on blood L/P.
In view of their marked fluctuations even during the control period when we attempted to keep the condition of the dogs stable, it is not surprising to find changes in the blood concentrations of both lactate and pyruvate when the dogs were made anemic. In some instances these changes were statistically significant; their direction, however, was completely inconsistent in different dogs. Thus, whatever effect anemia itself may have had on the blood concentrations of these substrates, it was largely overshadowed by other unidentified factors, perhaps by the same ones responsible for the fluctuations in control lactate and pyruvate concentrations. With blood L/P, the result differed. Although blood L/P on some days during anemia equaled the control values,
other anemia values were clearly above the previously established control range (e.g. Fig. 1 ), and the direction of change in mean L/P during anemia was consistently upwards. One possibility is that anemia regularly increased the L/P; another is that anemia made the animal more susceptible to other factors influencing L/P which were inconstantly present. The overlap between control and anemia L/P values provides an explanation for the previous inconsistent reports of the effect of chronic hypoxemia or anemia on blood L/P (8) (9) (10) (11) (12) (13) . With enough observations, however, the effect of anemia on blood L/P is specific enough to be detected even in the presence of variables in addition to 02 supply which may slightly influence day-to-day blood L/P values. We have no proof that tissue hypoxia was the (22) (23) (24) , which suggests that O0 availability for metabolism in the tissues is not maintained at a constant level in these subjects even when O2 consumption is only modestly increased. Among subjects who regularly engage in vigorous physical activity, the increase in arterial blood L/P is considerably less (25, 26) . In certain pathologic conditions, the capacity for acute increase in tissue On delivery is impaired by limited blood flow. In some patients, heart disease limits the capacity for increased systemic blood flow; in others, narrowed arteries interfere with blood flow locally. Under these conditions, acute increase in O2 consumption by the potentially ischemic tissue is accompanied by an exceptionally large increase in blood L/P: either the local venous blood in local ischemia, e.g., myocardium (27) or leg (28, 29) ; or the arterial blood in systemic ischemia, e.g., cardiac failure (22. 30) . The explanation which has been given for the exceptional increases in blood L/P is that when the increase in blood flow in response to increased 02 consumption is less than normal, the fall in On availability for metabolism is greater, i.e., more marked tissue hypoxia occurs.
The purpose of the exercise experiments in the dogs is to examine the significance of blood L/P changes which accompany increased 02 consumption in tissue under somewhat different experimental conditions. In each of the dogs we studied, when he was not anemic, the increase in arterial blood L/P during exercise was substantially less than that reported for sedentary humans, even though the degree of exercise as judged by increase in O0 consumption rate was greater in the dogs. In fact, in two dogs the L/P did not regularly increase even when systemic O consumption reached seven times the resting level. These results suggest that tissue O supply is better maintained during exercise in dogs than in most humans, perhaps due to species differences or to differences in physical activity. Cardiac output is one factor governing tissue O supply, and there is evidence that cardiac output relative to 02 consumption is higher during exercise in dogs (Fig. 2 and  references 18 and 19) than in humans (31-34) . Thus, the more stable blood L/P in the dog can be explained partly by superior tissue 0 supply due to higher cardiac output.
Anemia in the dogs limited the extent to which they could augment O2 delivery to their tissues during exercise. In these experiments, On delivery was limited not by ischemia but by low blood 0 concentration. The presence of anemia enhanced the increase in blood L/P during exercise, and this effect of anemia was proportional to its severity. The more that augmented 02 delivery was inhibited, the greater the increase in blood L/P for any level of systemic O2 consumption (Fig. 3) .
These experiments show that exercise changes in blood L/P are responsive in a predictable manner to concurrent alterations in tissue O. supply; therefore, the changes in blood L/P appear to be related to changes in the availability of 02 to the respiratory enzyme system in the tissue rather than to some other effect of exercise. The results of these experiments also substantiate the interpretation presented in the previous studies of patients with ischemic disease that their exceptionally large increases in blood L/P were due to tissue hypoxia.
